Abstract-We propose a novel antenna coupled microbolometer which makes use of the weak coupling between electrons and phonons in a metal at low temperatures. The radiation is collected by a planar lithographed antenna and thermalized in a thin metal strip. The resulting temperature rise of the electrons is detected by a tunnel junction, where part of the metal strip forms the normal electrode. All components are deposited directly on a substrate so that arrays can be conveniently produced by conventional lithographic techniques. The active area of the bolometer is thermally decoupled by its small volume, by the thermal resistance between the electrons and phonons in the strip, and by the reflection of quasiparticles at the interface between the strip and the superconducting antenna. Design calculations based on a metal volume of 2x6x0.05 pm3 at an operatin temperature of T=lOO mK give an NEP=3x10-19 W H Z -~~~ time constant =lo ps, and responsivity =lo9 V/W. The calculated sensitivity is almost two orders of magnitude higher than that of the best available direct detectors of millimeter and submillimeter radiation operated at the same temperature .
I. INTRODUCTION
forms the normal electrode. The thermally active volume of this bolometer is =1 pm3 compared with =lo8 pm3 for more conventional millimeter wave bolometers. Thermal isolation is provided by the weak electron-phonon interactions at low temperatures and by the reflection of electrons at the interface between the metal absorber and the superconducting antenna. Efficient radiation coupling can be achieved by means of a planar lithographed antenna. A schematic of the proposed configuration is shown in Fig. 1 . All of the components are deposited directly on the substrate and can be produced in arrays using standard photolithographic techniques.
Bolometers are known to be the most sensitive direct detectors of infrared and millimeter waves and are widely used in ground and space-based astronomical observations. Although excellent performance has been available with bolometers operated at 3He temperatures [ 13 and at 100 mK [2] , there is a need in the community for improved sensitivities at millimeter and submillimeter wavelengths. The key is to reduce both the heat capacity of the material which responds thermally to the input power and the thermal conductance to the surroundings. The work of Nahum et al. on antenna coupled superconducting microbolometers for use at 90 K [3] and at T<4.2 K [4, 5] suggests a way in which this Fig. 1 . Schematic of the radiation coupling and temperature readout configuration. The rf current from the superconducting antenna is dissipated in the resistive metal strip (black strip), the resulting temperature rise of the electrons in the strip are measured as a change in the voltage across the junction which is biased at a constant current I. The contact to the superconducting electrode is made of a superconductor whose Tc is much higher than that of the electrode.
FIGURES OF MERIT
be this approach, we propose to make The figures of merit that are commonly used to ultra sensitive hot-electron microbolometers at LHe and lower temperatures. A thin strip of metal with micron dimensions serves as a resistive load to thermalize the infrared currents. The temperature rise of the electrons in the metal absorber is measured from the temperature dependence of the currentvoltage (I-V) characteristics of a superconductor-insulatornormal metal (snv) Junction' where part Of the strip the sensitivity of bolometers are the noise power (NEP), the time constant z, and the voltage responsivity S . If we model the thermal circuit as a heat capacity C coupled to a heat bath through a conductance then 2=C/G and s= 
III. THERMAL ISOLATION
In our geometry the absorbed power can be dissipated via three paths. The first is direct heat flow from the electrons in the strip to the substrate via electron phonon coupling and phonon transport. At temperatures above -10 K the thermal conductance is dominated by the spreading resistance arising from the thermal conductivity of the substrate, as is the case for the high-Tc microbolometer [3] . At the lower temperatures of interest here, the thermal boundary resistance can contribute significantly to the thermal isolation. This property has been used to construct sensitive low-Tc microbolometers [4, 5] . At very low temperatures however, an additional mechanism for thermal isolation has to be considered. For temperatures less than =1 K, the inelastic collision processes (energy loss processes) for electrons in a metal are very infrequent. As a result, the electrons become thermally decoupled from the lattice and heat up as they absorb 1/2exp( of the junction at low bias For a given choice of A and kT it can be shown that the responsivity is maximized when cosh2(eV/kT)=(A/kT+ 1/2).
In order to estimate the contribution of the temperature readout to the NEP it is necessary to understand the noise mechanisms in the junction. The voltage fluctuations of a biased SIN junction can be derived using standard many-body techniques and in general, are related to the quasiparticle current-voltage characteristics and the frequency [lo] . For most applications, the frequencies of interest are such that tiooc<eV. In this low frequency limit the voltage noise across the junction is independent of frequency and is given by Vn2 = (dV/dI)22eIcoth(eV/2kT), or aluminum. Although other metals may be more appropriate, we use the value of G which was measured for Cu films [61 for the purpose of the present analysis. In Table 1 we list the figures of merit of the hot-electron microbolometer as well as the bias current, the output voltage, and the total voltage noise VnoUt resulting from the contributions of energy fluctuations in the active region and the fluctuations in the junction. For an operating temperature of 100 mK the sensitivity of this When eV<ckT, Eq. reduces to noise arising from device is almost two orders of magnitude higher than the best the dynamic resistance of the junction, when eV>>kT the available conventional composite bolometer. The total volta e noise is due to the shot noise arising from the discrete nature noise at the output of the detector is VnoUt=0.5 nVHz-, of the charge The contribution of the temperature which is slightly lower than the input voltage noise of -1-2 readout to the NEp is given by the ratio of the voltage noise n v~z -1 / 2 of commercially available low noise JFET and the responsivity (NEP)SIN =Vn/So. In general, the bias amplifiers at frequencies above my l/f noise knee* current which minimizes (NEP)sm does not simultaneously Table 1 . Operating parameters for a device operated at 100 mK and 300 mK. The normal electrode is assumed to be maximize the voltage responsivity. The low thermal conductance that couples the electrons to their environment places an additional restriction on the bias 500 8, thick and have an area of 2x6 pm2. The current. The issue is that the IV power which is dissipated in junction is assumed to have a normal state resistance the vicinity of the junction could significantly raise the R~= 1 0 0 SZ. temperature of the electrons, and consequently reduce the sensitivity of the device. An optimum value for this temperature rise can be calculated if the background infrared power dissipated in the detector is known. For purposes of this discussion we require that bias power not raise the temperature of the electrons by a fraction a of the operating temperature, where a-0.1. If we assume that all of the dissipated power gets re-absorbed in the electron system then this requirement reduces to IV<GaT. In reality, some of the power will be transferred to the phonons and will subsequently be removed through the substrate. This requirement thus represents an upper limit on the bias current. Due to the large number of parameters, the optimization of the hot electron microbolometer is somewhat complicated. In general, it is advantageous to pick the smallest possible volume for the metal absorber so as to reduce the thermal conductance. Once the operating temperature has been determined, it then becomes possible to estimate the thermal conductance between the electrons and the phonons. One then proceeds by finding the bias current which minimizes the contribution of the temperature readout to the NEP. It is then necessary to ensure that the bias heating will not raise the temperature of the electrons by a significant factor. An important feature of the hot electron microbolometer is that the time constant z, which equals the electron-phonon relaxation time T~-~, is much smaller than is required for most applications. Thus, the tradeoff between speed of response and sensitivity which is inherent to the optimization of conventional composite bolometers, is avoided. As a specific example of a device whose performance would be very beneficial to the astrophysics community, we assume an active volume of 2x6x0.05 pm3 at operating temperatures of 100 mK and 300 mK . The ratio of the energy gap of the superconducting electrode to the operating temperature is assumed to be AkTs6.5, and the normal state resistance of the junction is assumed to be R~= 1 0 0 SZ. For an operating temperature of T=100 mK the superconducting electrode could be made of Ti, whereas at T=300 mK a useful choice would be VI. RADIATION COUPLING Because the dimensions of the thermally active region are much smaller than the wavelength to be detected, a planar lithographed antenna can be used to provide efficient coupling. Self-complementary log-periodic or log-spiral antennas are very broadband and have a frequency independent real antenna impedance Zant=377[2(1 + E ) ] -~/~ SZ that depends only on the dielectric constant E of the substrate [ 111. When deposited on quartz, Zant"120 SZ. Since a planar antenna located on a dielectric surface radiates primarily into the dielectric, the signals are introduced through the back surface of the dielectric which is often placed on the back side of a dielectric lens. The optical efficiency of this quasi-optical coupling scheme is being explored in a number of laboratories. A recent report by Grossman et al. suggests an antenna efficiency of 4 0 % for a broad band blackbody radiation centered at 19 pm [12] . The measurements of Nahum et al. indicate comparable efficiencies at lo00 pm [13] . Other antenna structures have been proposed in which the radiation does not radiate through the substrate [14] , thus eliminating absorption losses in the dielectric. An alternative approach is to place the bolometer in a waveguide and to couple it with thin film elements similar to those used for superconducting-insulating-superconducting (SIS) mixers. The impedance of these various coupling structures can vary from 1-100 SZ. A common characteristic of all antennas is that they couple to a single spatial radiation mode and one polarization, whereas a conventional composite bolomet can couple to a number of radiation modes equal to AQh and two polarizations, where the throughput AD is the product of the area A of the beam at a focus times the angle D of divergence from the focus, and h is the wavelength. The throughput Ai2 of the antenna thus decreases with frequency. This in helps to reduce the detrimental effects of background radiation loading in comparison with conventional absorbers.
A major advantage of using the metal strip as an absorber is that the rf properties of such a strip are relatively easy to understand and can be varied by changing its dimensions. As a consequence, it becomes possible to integrate the strip in a wide variety of coupling configurations. The most straightforward design is a simple thin strip of length 1, width w and thickness t, located directly between the terminals of an antenna. As discussed in Ref. configuration discussed here, this is achieved by minimizing the length of the strip. In addition, to match the impedance of a typical antenna it is necessary to choose metal with a relatively low electrical conductivity. A more powerful and elegant approach is to integrate the absorber in a superconducting microstrip line and to use efficient matching networks such as quarter wave transformers and filter elements [6] . With this technique, the geometrical inductance of the strip and its optimal resistance are controlled by the properties of the microstrip line, rather than the length of the metal strip and the impedance of the antenna.
VII. CONCLUSIONS
Potential applications of these devices can be understood by considering applications of conventional composite bolometers. They are used in ground and space-based telescopes as sensitive broadband detectors for measurements of thermal emission from interstellar gas and dust from point sources such as quasars, from planetary atmospheres, and for measurements of the anisotropy of the cosmic microwave background. The estimated sensitivity of the hot-electron microbolometer can exceed that of the best available conventional bolometers by two orders of magnitude, with a time constant which is three orders of magnitude smaller. Also, it is possible to construct multiplexed systems by designing on-chip networks with different bandpass filters fed from a single antenna. Using well developed reproducible lithographic techniques it should be possible to make powerful array receivers with multiple spectral bands. It thus appears that the hot-electron microboIometer could be the detector of choice in applications requiring very high sensitivities and array compatibility.
